Abstract Mint leaves were dried by three different types of dryers, namely; tray, freeze and distributed (indirect)-type solar dryer. Sorption isotherms of fresh, solar, tray and freeze dried mint were determined at temperatures of 15°C, 25°C and 35°C over a range of relative humidities (10-90%). The effect of drying method on the water sorption isotherms of dried mint samples was evaluated. Experimental data were used to determine the best models for predicting the moisture sorption content of mint. Among nine sorption models tested, Peleg, GAB, Lewicki and modified Mizrahi equations gave the best fit to experimental data. The sorption data were analyzed for determination of monolayer moisture content, density of sorbed water, number of adsorbed monolayers, percent bound water, and surface area of adsorbance. The experimental data were also used to determine some thermodynamic properties of mint.
Introduction
Drying has a long time tradition as a conservation method and use of dried medicinal and aromatic plants in traditional medicine has been well-known. The pharmacology and food industry handle these crops as raw materials to produce drugs, spices and essential oils. Mint has been used both as a medicinal and aromatic plant since ancient times. Its leaves are used for flavoring, tea infusions and spicing. In order to preserve this seasonal plant, and make it to available to consumers during the whole year, it undergoes specific technological treatments, such as drying. Several methods have been used in drying process. Final product characteristics such as water sorption, porosity, color, and texture depend on drying methods used (Ekechukwu 1999) . Tray drying is frequently used in food industry and tray dried foods usually have some undesirable effects due to use of high temperature and long time. Freeze drying provides better porous structure but operational costs are higher. In order to minimize drying cost and to improve the nutritional value, drying methods have to be optimized. One way is to introduce a solar drying system (Ekechukwu and Norton 1999) . It is particularly important for countries which have more sun throughout the year. Most suitable drying methods and their operating conditions have to be determined to control the product quality.
The moisture sorption isotherm is an extremely valuable tool for food scientists and technologists because it can be used to predict potential changes in food stability; determination of storing method, and packaging selection (Basu et al. 2006) .
There are many works on moisture sorption isotherms of foods. Some of these works are related to the determination of moisture sorption isotherms and their temperature dependence some are related to the mathematical expressions to represent the moisture sorption isotherms. Many empirical and semi empirical models have been proposed to describe the sorption characteristics of foods. The mostly applied models are GAB, Halsey, BET, Oswin, Henderson, Peleg, Caurie, and Lewicki (Ayranci and Duman 2005; Rao et al. 2006; Chirife and Iglesias 1978; Lomauro et al. 1985a, b; Peleg 1993) .
Information on moisture sorption isotherms of various herbs and aromatical/medicinal plants including peppermint, daphne, marjoram, muscat, cardamom, chamomile, cloves, coriander, thyme, cinnamon, ginger fennel and anise (Soysal and Öztekin 2001) , saffron (Tsimidou and Biliaderis 1997) , mint, sage, and verbena (Kouhila et al. 2001) , rosemary (Timoumi and Zagrouba 2005) , green tea powder (Sinija and Mishra 2008) , chitosan (Rosa et al. 2010 ) are available. Henderson equation was found to be an adequate model for mint (Kouhila et al. 2001) . The influence of temperature and velocity of tray drying on the sorption isotherms of garden mint was studied, and BET, Oswin and Peleg models were found to be the best models to describe the mint desorption isotherms (Park et al. 2002) . Effect of drying method on the moisture sorption isotherms for mushroom was studied and the maximum monolayer moisture content has been found for freeze-dried samples (Lee and Lee 2008) .
In recent years, there have been many contributions in the field of thermodynamics to understand the properties of water in relation to a biological system. The thermodynamic functions can be easily calculated from moisture sorption isotherms (Rizvi and Benado 1984) . Thermodynamic functions include free energy, heat of vaporization, integral enthalpy and entropy. Thermodynamic functions are important for understanding the properties of water and calculating the energy requirements of heat and mass transfer in biological systems (Iglesias et al. 1976) . Park et al. 2002 were studied drying parameters and sorption isotherms of garden mint leaves. Tray drying of mint leaves at different temperatures and air velocities were only studied in this work.
The objectives of this study were to determine the moisture sorption isotherms of fresh, solar, tray and freeze dried mint at three temperatures, 15, 25, and 35°C, and to find the most suitable model describing the isotherms of mint leaves. The second part of this study deals with determination the monolayer moisture content and some thermodynamic functions (heat of sorption and entropy of sorption) of mint leaves.
Materials and methods

Materials
Fresh garden mint bunches were supplied from local greengrocers (Gaziantep, TURKEY). The leaves of mint bunches were separated from the stalk and cleaned. Nine saturated salt solutions (NaOH, CH 3 COOK, MgCl 2 , K 2 CO 3 , Mg(NO 3 ) 2 , KI, NaCl, KCl and KNO 3 ) in different closed containers were prepared to obtain constant relative humidity environments. All salt solutions were reagent grade.
Drying procedures
The leaves of fresh garden mint bunches were dried by passing heated air over the drying trays. A tray dryer (Armfield UOP 8-Tray dryer, ENGLAND) was used. Mint leaves were placed into the trays and drying was started. The weight of the sample was measured periodically. It was continued until the constant weight of the sample obtained. Operating conditions of driers are given in Table 1 .
The leaves of fresh garden mint were also dried by a freeze-dryer (Eyela Model FD-1, JAPAN). The leaves were placed into the sample flask and frozen by the anti-freeze liquid (ethanol) bath at −50°C. Frozen sample was attached to the drying chamber and dried under vacuum.
A typical distributed (indirect) type solar dryer (Designed and built at University of Gaziantep) was used to dry mint leaves. It consists of four basic components; a fan, an air-heating solar-energy collector, a drying chamber and appropriately insulated ducting. The system was active solar drying system because of the use of motorized fan for forced air circulation. Drying air was heated through solarenergy collector. The sample placed into the removable tray was dried by hot and dry air. The weight of the sample was measured periodically and drying was stopped when the weight of the sample was being unchanged.
Determination of moisture sorption isotherms
A gravimetric method was used in this work. The method was based on the use of saturated salt solutions to maintain a fixed relative humidity (RH). Nine salts were chosen so as to have a range of relative humidities of 10-90%.
Nine saturated salt solutions were used to provide water activities ranging from 0.06 to 0.98. The salts used were NaOH, KAc,MgCl2, K2CO3,MgNO3,KI, KCl,KNO3, and NaCl. Saturated solutions of them were prepared at each temperature studied. They were placed into separate jars in an amount to occupy a space of about 1 cm deep at the bottom. A small amount of solid salt was also added to make sure that solutions remain saturated. A tripod was also placed in each jar. Duplicate samples of 1 g of the solar-, tray-, freeze-dried mint leaves, and fresh mint leaves were weighed into small crucibles of aluminum foil and placed on tripods in the jars, which were then tightly closed. The samples were kept in ovens at 15, 25 and 35±1°C for equilibration. This required about 4 weeks. Moisture content of the mint leaves was determined using the oven method at 105°C after the final equilibrium moisture content was reached (AOAC 1990) . The equilibrium moisture content of the samples was given as g/100 g dry solids.
Analysis of sorption data
Isotherm models
A large number of models have been proposed in the literature for the sorption isotherms (Basu et al. 2006; Ayranci and Duman 2005) . In this study, Peleg, GAB, Lewicki, BET, Halsey, Oswin, Henderson, Modified Mizrahi, and Caurie equations were applied to determine the best fit for the experimental data. The mathematical expressions of the nine models are presented in Table 2 . The parameters of equations (Halsey, Oswin, BET, Henderson, Caurie and Lewicki) were obtained by linear regression analysis while those of equations (GAB, Peleg and Modified Mizrahi) were obtained by non-linear regression analysis using the SigmaPlot 2000 (SPSS Inc., Chicago, IL, USA).
The nonlinear regression analysis was carried with the Marquardt-Levenberg algorithm; this is a search method to minimize the sum of squares of the differences between the predicted and experimental data. In order to compare the precision of fit of the sorption models, mean relative percent deviation modulus (P) and coefficient of determination (R 2 ) were used.
where M obs , M pred , and n are observed moisture content at any water activity, predicted moisture content according to the equation under study with best fitted parameters, and number of observations, respectively. The BET equation was applied to sorption data below a w of 0.5 as it was reported to be successful only in this range (Labuza 1984) . The statistical parameters of BET equation were therefore not determined as the applicability of this equation is limited below a w of 0.5.
Monolayer moisture content
The monolayer moisture content M 0 , can be determined from the equilibrium sorption isotherm data by fitting BET, GAB and Caurie expressions. The prediction of M 0 has a significant importance for physical and chemical stability of foods. Below M 0 values, food deterioration is expected to be extremely small, because water is strongly bound to the food and water is not involved in any deteriorative reaction. Treatment of sorption data to Caurie equation allows the evaluation of the number of binding sites, the influence of temperature on monolayer, density of sorbed water, surface area of absorbent and per cent non-freezable or bound water. The number of adsorbed monolayers (N) ) was calculated using;
where M 0 is the monolayer moisture content from Caurie's equation and C c is Caurie's constant. Assuming that the magnitude of C c equals the density of adsorbed water in the monolayer, the surface area of adsorbent (A) was calculated as
where d is the diameter of water molecule (d=3.673*10 −10 m).
Isosteric heat of sorption
The isosteric heat of sorption Q st , is the energy per unit mass required to remove water from a material and incorporates the binding energy between water molecules and the food dry matter. The heat of sorption was obtained from the slopes of lna w vs. 1/T plots by linear regression analysis using the Clausius-Clapeyron equation (Labuza 1984) .
where a w1 and a w2 are the water activities at temperatures T 1 and T 2 respectively and R is the gas constant (8.314 J mol −1 K −1 ). q st is the net heat of sorption, which is equal to the difference between the isosteric heat of sorption, Q st and the enthalpy of vaporization of water, ΔH vap (H 2 O). Q st is logically related to the amount of energy required in a dehydration process.
Q st is logically related to the amount of energy required in a dehydration process.
Enthalpy entropy compensation theory
The relationship between the isosteric heat (Q st ) and the differential entropy (ΔS d ) of sorption is given by
by plotting ln(a w ) versus 1/T, for a given moisture content (m), Q st was determined from the slope (−Q st /R), and 
The isokinetic temperature (T β ) and constant (α) were calculated using linear regression.
Model Expression Number of constants The isokinetic temperature has an important physical meaning as it represents the temperature at which all reactions in a given series have the same reactivity. Since there is a high degree of linear correlation between enthalpy and entropy, the compensation theory was assumed to be valid for sorption. It was recommended a test for the compensation theory (Telis et al. 2000) , which involves comparing the isokinetic temperature with the harmonic mean temperature T hm that is defined as:
where n s is number of isotherms. If T β >T hm the process is enthalpy driven, while if the opposite condition is observed (T β <T hm ), the process is considered to be entropycontrolled (Lefler 1955; Telis et al. 2000; McMinn et al. 2005) .
Results and discussion
Initial moisture content (IMC) of fresh mint leaves was found to be 4,672±0,031 g/g dry matter. Experimental equilibrium moisture content (EMC) values of fresh and dried mint leaves are presented in Table 3 . The moisture sorption isotherms for solar, tray and freeze dried mint are shown in Figs. 1, 2 and 3 respectively. Each point of the curves represents the mean value of two replications. The sorption isotherms obtained were generally showed characteristics of BET III type isotherm. This type isotherm is common for many foods having rich soluble components (Labuza 1984) . This is probably due to the higher carbohydrate content. Mint has approximately 70% (db) of carbohydrates (Whfoods 2006) . At low water activities, water can be absorbed only at the surface sites. As the water activity increases the dissolution of soluble components (mostly carbohydrates) bring about increasing the moisture content. In general, at water activities higher than 0.80, there is a sharp increase in moisture content.
Fitting of sorption equations to experimental data
The sorption data were fitted to nine well-known sorption isotherm equations. These equations and number of constants are presented in Table 2 . Non-linear regression analysis was used for evaluating the best-fitted values of constants. The isotherm models, equation constants, R 2 and 'P' values are summarized in Table 4 . The higher R 2 and the lower 'P' values represent the goodness of fit. Generally, Peleg, GAB, Lewicki and Modified Mizrahi equations have the lowest 'P' and hihger R 2 values. The best fit was obtained by the model of Peleg for fresh mint, tray and freeze dried mint at 15°C and for tray dried mint at 25°C; by the models of GAB for fresh mint, at 35°C, and for tray dried mint at 15°C and for freeze dried mint both at 15°C and 35°C; by the model of Lewicki for fresh mint at 35°C and for freeze dried mint both at 15°C and 35°C; by the model of Halsey for fresh mint, at 35°C and finally by the model of Modified Mizrahi for fresh mint at 35°C and for tray dried mint at 15°C and for freeze dried mint at 35°C.
The sorption data for all mint samples at all temperatures were not fit to Oswin, Henderson and Caurie models. Overall, Peleg, GAB, Lewicki and Modified Mizrahi could be used to describe the mint desorption isotherms. It was reported that BET, GAB, Oswin and Peleg models were best fit for mint (Park et al. 2002 ). Henderson's equation was found to be satisfactory for the prediction of the sorption isotherms of aromatic plants including mint (Kouhila et al. 2001) . However, in this study neither Henderson model nor Oswin model was indicated a good fit for the entire range of water activity.
Hysteresis
The behavior of adsorption and desorption experiments was different and hysteresis was observed. Equilibrium moisture content was higher at a particular water activity for the desorption curve than that of adsorption (Figs. 4, 5 and 6 ). The hysteresis existed over the entire range water activity range. Similar type of hysteresis was observed on various foods (Okubayashi et al. 2004) .
In order to see the hysteresis more clearly desorption moisture content minus adsorption moisture content vs. water activity was plotted (Fig. 6 ). This figure shows that the hysteresis values increased gradually up to water activity of 0.75 at 25°C. After this value, the difference was decreased. The magnitude of the hysteresis decreased with an increase in temperature.
Temperature dependence of isotherms
The influence of the temperature on desorption isotherms for the range of water activities studied can be observed. (Fig. 6) . It can be seen that moisture contents decrease while the temperature increases at constant water activity. This is possibly due to the state of carbohydrate and proteins which are having more water binding (Ayranci and Dalgic 1992) . This is typical for many foodstuffs (Ayranci et al. 1990; Mohamed et al. 2005) . The water activity region above about 0.55, equilibrium moisture content of solar dried samples were lower than equilibrium moisture contents of tray and freeze dried mint samples at 25°C. This is possibly due to the state of some components such as carbohydrate. Carbohydrates and proteins are known to have more water-binding capacity than at high temperatures. For freeze dried samples less components were being dissolved and thus less water.
The effect of drying method on sorption characteristics of mint
The effect of drying method on the sorption isotherm at 15, 25 and 35°C can be seen in Figs. 1, 2 and 3, respectively. It is well known that freeze drying provides a dry-product with more porous structure and little shrinkage. At the same time, high retention of nutrients and flavor/aroma can be obtained. Freeze dried samples showed a lower water sorption potential. The higher adsorptive capacities of freeze dried and tray dried samples were more pronounced at higher water activities, especially at 35°C (Fig. 3) . Fast evaporation of water in freeze and tray dried mint samples possibly created more porous structures. The sorbed moisture was low for water activities of up to 0.4 at all temperatures. From this point, the slope of equilibrium moisture content vs. a w curve changed slightly. After this point, there was steep increase in equilibrium moisture content vs. a w curve, indicating gradual dissolution of carbohydrates (Tsami et al. 1998 ).
Properties of sorbed water
Monolayer moisture contents of mints calculated from GAB, BET and Caurie equations were shown in Table 5 . Although Caurie model was not fit very well, it was further analyzed to get fairly accurate information about monolayer moisture content, percent bound water, density of sorbed water, number of adsorbed mono layers and surface area of adsorbent. Caurie model has been used successfully by other workers ) for chhana pado. M o values are particularly important for determining the storage and preserving conditions above which deteriorative changes may occur. It was observed that the monolayer moisture content was not constant in the range of temperature employed. The value of parameters is in the same range as for other similar products (Ayranci and Duman 2005) model were lower than those obtained using GAB and Caurie models particularly at 25 and 35°C. The converse was the case at 15°C. The number of adsorbed monolayers (N) for fresh mint samples was increased with increasing temperature (Table 5) . For all dried mint samples, the value of N increased with increase in temperature from 15 to 25°C. N value was decreased when the temperature was increased from 25 to 35°C (except for the BET model).
The increase in the number of adsorbed monolayers with an increase in temperature for fresh mint is possibly due to increase in polar groups (Singh et al. 2006) . Bound water and surface area of absorbance showed different characteristics for fresh and dried mint samples. Both bound water and area of absorbance increased with increased temperature for fresh mint. No trend has been observed for dried samples.
Heat of sorption is of interest to food scientists because it determines the temperature dependence of water activity. Isosteric sorption heat (Q st ) plotted as a function of moisture content is presented in Fig. 7 . Q st decreased exponentially with increasing moisture content, initially rapidly up to (10%) and later slowly. This kind of behavior has been observed for many foods (Mohamed et al. 2005) . The Q st values reached a plateau after the moisture content about 10%. This plateau lies in the range of heat of vaporization of pure water. The rapid increase in Q st values at low moisture content is due to existence of highly active polar sites on the surface of food material, which are covered with water molecules forming a mono molecular layer (Hossain et al. 2001 ). Higher heat of sorption also indicates that there is a need for the highest binding energy for removal of water. Increasing moisture content decreases the heat of sorption and therefore binding energy for removal of water.
The Q st values are below 40 kJ/mol. This is called physisorption where the sorption involves weak bonding to the surface (Moore 1972) . Here, Van der Waals interactions are usually involved and absorbed molecules can often move across the surface. The molecules remain intact, and can be freed easily (the forces are small, and short-range).
The relation between isosteric heat of sorption and equilibrium moisture content was accurately described by a two parameter exponential model and shown in Table 6 . Exponential (Adam et al. 2000) and power law (McMinn and Magee 2003) models for onion and potato, respectively were used to express the relationships between isosteric heat of sorption and moisture content.
The entropies plotted as a function of water content are presented in Fig. 8 . Entropies for all mint samples had minimum values at 10% moisture content. All mint samples showed a decrease in entropy, reaching a minimum and than slightly increasing and reaching a plateau as water content increased. After reaching plateau, entropy values remained practically constant at higher moisture contents. Fresh mint showed minimum sorption entropy at higher moisture content compared to that of dried mint samples. The relation between differential entropy of sorption and equilibrium moisture content was accurately described by a two parameter exponential model and also shown in Table 6 . The relation between differential entropy and isosteric heat was determined by linear regression analysis (Eq. 7). Very high values of correlation coefficients (R 2 ) between 0.978 and 1.000 have been observed (Table 5 ). This indicates a high degree of linearity between differential entropy and isosteric heat, the compensation theory is assumed to exit (McMinn et al. 2005) . The harmonic mean temperature (T hm ) was calculated from Eq. 8 and found as 297.93 K. According to Leffler, if T β >T hm the process is enthalpy driven, the reverse is valid for entropy driven. T β values of mint samples were higher than T hm (Table 5 ). The water sorption process is therefore considered to be enthalpy controlled.
Conclusions
The moisture sorption isotherms of fresh, tray-, solar-, and freeze-dried mint leaves at different temperatures were determined by a standard gravimetric method. The equilibrium moisture content increased decreasing temperature at constant water activity. The hysteresis between adsorption and desorption was observed. The experimental data were fitted to nine sorption models. Among them, GAB, Lewicki, Peleg, and modified Mizrahi equations described the sorption data well over the range of temperatures and water activities investigated. Isosteric heat of sorption of mint leaves decreased with increasing moisture content. Exponential model can be used to characterize heat of sorption and entropy of sorption.
